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ABSTRACT

\
‘

“~~be permeability of electrolytically charged hydrogen through

annealed Ferrovac E iron membranes was found to decrease signifi-

cantly upon coating the charging surface of iron with thin layers

of either Pt , Cu or Ni (Watts or electroless). The absorption of

I hydrogen was delayed for a period which depends on the nature and

the thickenss of the metallic coating . The results show that such

I coatings do not have to be thick or even continuous to be effective ,

in which case a catalytic mechanism is proposed to explain the marked

reduction in hydrogen permeation through the iron . Experimental con—

( firmation is presented of this catalytic mechanism and of the barrier

mechanism which is operative in the presence of a thick continuous

I coating . It is also shown that the domains of each mechanism can

be determined by simple calculations from first principles.

I I
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TNTRODUCTION

The problem of hydrogen embrittlement of iron and its alloys has

recen tly attracted considerable attention in view of its technological

importance (1—4). In attempts to delay the incidence of hy drogen em—

brietlement , some workers alloyed iron with metals which decreased the

diffusivity of hydrogen , e.g., Ni (5) and Cr (6), whereas others coated

the base metal with another metal , e.g., electrodeposited Ni (7—13),

Cu (7—11 , 13—14), Cr (7—11), Pb (9—il), Co (9), Sn (7,10); vapor depos—

ited Cd , Al , Mg, Zn and Zn—Pb alloys (11); and chemically deposited Au

and Au—N i composite layers (11). Various other workers (15—16) have

studied the permeability of composite metal membranes to hydrogen charged

f r om the gas phase. With all of these coatings , hydrogen entry into

the base metal was delayed and the rate of its permeation decreased . In

some of these cases , this was attributed to the barrier effect of the

coating. For coatings t o  he effective barriers , they should be Continuous ,

relatively thick and impervious , much like protective scales on metals.

Ano ther interesting and potentially effective method of reducing

nvdrogeri absorption by iron may be sugges ted upon reviewing the k inet ics

of the hydrogen evolution reaction (h.e.r.). For a large number of metals ,

the rate determining step (r.d.s.) may be either (17—19) chemical desorp—

tion (equation ~)or electrochemical desorption (equation 2):

H
ad + H d 

—+ H
2
(g) (1)

or 

H + H + + e H (g) (2 )S ad (aq) 2

~ F
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It is postulated here that as the rate of the r.d.s. (equation 1 or

2) increases , then , in gene ral , the sur face  coverage by h ydr ogen is de-

creased and , hence , so is the absorp tion of hydrogen by the metal. While

this is an oversimpl i f ied des cr ip tion of a comp lex process , it suggests

that a metal like platinum , for  which the recomb ina tion reac tion is very

fast (compared to that on iron), migh t be benefically deposited over the

iron surface. In this event , the bulk of the h.e.r. occurs at the plati-

num sites with the favorable result that coverage by, and absorp tion of ,

hydrogen at iron sites are reduced . This is the basis of the catalytic

mechan ism of decr eas ing hydrogen entry into iron.

The purpose of this paper is to investigate the usefulness of metals

more nobl e than i ron , e.g., Pt , Cu and Ni, when deposi ted as thin con-

t inuous or discontinuous (square—grid) layers , as a means of decreasing

the entry of hydrogen Into iron. This is done by directly measuring the

permea t ion transien t of hydrogen throug h the coa ted i ron membra ne. Th is

technique provides more resolution than those based on time to cracking

(9) or load and deflectio n (11), and hence, shou ld be more usef ul for

stud ying the role of thin surface layers for the protection of iron and

steels from hydrogen.

EXPERIMENTAL PROCEDURE

A Devana than and Stachurski cell (20) was used to measure the per-

meab ility of hydrogen through Ferrovac E iron membranes coated with Cu ,

Ni or Pt on the (input) side on which hydrogen is evolved . The membranes

were prepared by cu tting from a master ingo t and cold rolling to the final

thickness , cutt ing to a size somewha t larger than the o r i f i c e of the cell ,

annealing in an evacuated v-ycor capsule at 800°C for 2 hrs ., and air cooling.

The thickness of the iron membrane was usually 0.05 cm. The radius
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of the orifice and hence of the input area of the membrane was 1.26 cm.

Edge effects can he neglected in diffusion through membranes if L/a <0.2,

where L is the thickness and a is the radius of the membrane (21). For the

memb rane thickness used here (0.05 cm), L/a 0.04 and , hence , edge effects

are negligible.

The charging solution was O.lN NaOH + 20 ppm As
3+
. The solution in

the anodic compartment was O.IN NaOH. The charg ing curren t dens ity was

kep t a t 2mA cm 2 in order to avo id i n ternal damage in the specimen and to

ob tain good reproducibility. At this current density no cracks were observed

in the sample (by cross—section metallography) after charging for several

hours (without a coating). The solutions were prepared from reagent grade

chem icals and conductivity water prepared by the method of Powers (22), and

wer e con tinuously dearea ted by bubbling pre—purified nitrogen. The reference

electrodes were Hg/HgO . All experiments were run at room temperature ,

25 + 2°C.

The exit side of the membrane was coated with a thin layer of palladium

depos it ed from Na
2
[Pd(N02)4J solution at 100 iiA cm

2 
(20). During a run ,

this side was potentiostated at + 0.lV NHE . Use of other potentials as

much as 400 mV more or less noble gave identical transients; hence it is

concluded that all of the hydrogen arr iving at the exit side is oxidized at

0.lV NHE.

In the absen ce of me ta l l i c coa ti ngs , a l inear  rela tionsh ip was obtained

be tween the steady state permeation current and the square root of the

ch arg ing current. This is taken as an indication (23) that the surface ab—

sorp tion process is very fast with respect to diffusion through the iron

membrane . Under this condition , the latter process is rate limiting in ac-

cord wi th the finding of a linear dependence of the permeation current on

the reciprocal thickness of the iron membrane.

-r~~~~
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The p latinum coatings were deposited at 100 pA cm 2 
from a 1% p la t inum

chloride (H
2

P tCl
6~

6H
2
O) solution . The platinum thickness was determined

coulometrically. Copper plating was done in two stages: (I) a thin , com-

para t ively adher en t f ilm of copper was depos it ed f r om a “striking ’ cy-

anide ba th (24 )  and , (ii) this deposit was built up to the desired thick-

ness by further plating at 200 pA cm 2 
from an acid copper sulfate bath.

Nickel was deposited either from a Watts type bath (25) or from an Elec—

troless Nickel type bath (pH 5.0, 90 °C) (26). The thickness of the Ni and

Cu coatings was determined and their continuity was confirmed by cross—

section scanning electron microscopy (SEM) examination.

Fig. la is a SEM micrograph of the cross—section of a specimen

coated with a 4 pm thick Cu layer and Fig. lb is a SEM micrograph

showing the topography of the layer . Both figures reveal the continuity

of the coating . Fig. 2 shows the topography of a 0.5 pm thick Cu layer

on the surface of iron. It is a quasi—continuous layer which covers

mos t of the iron su r f ace .

On some specimens the metals were deposited in a square—grid pat tern , c.f .

Fig. 7. About 20% of the surface was covered by the following techni que:

The sample was coated wi th Shipley photo—resistive chemical (PR) and was

baked at 70°C for 20 minutes . Then it was exposed by a KNS Aligner ma-

chine fitted with the desired pattern printed on a dark colored glass

p late , commonly known as mask. It was developed with AZ developer for

30 seconds and was washed wi th distilled water. I t was dri ed and baked

again a t 120° C for 20 minutes. Then electrodeposition on the exposed

areas was ca r r i ed  out  w i t h  the desired m e t a l .  A f t e r  e l e c t r o d e p o s i t i o n ,

the PR was removed b y washing the specimen surface with acetone .



RESULTS AND DISCUSS iON

The upper curve in Fig. 3 shows a typ ical time—flux transient for

hydrogen permeation. The lower curve in Fig. 3 shows the effec t of a

thin platinum coating on the diffusion transient of hydrogen through the

iron memb rane . The average thickness of the Pt layer was calculated

coulometriallv to be about 0.015 pm. It is seen that the break—through

time is much longer and the hydr ogen perme abil it y is much less (2 order s

of magnitude) than for the uncoated iron sample. This may be attributed

to a lower concentration of hydrogen at the entry side of the iron in the

presence of the platinum coating.

The benef icial effects of Cu and Ni coatings deposited over the in-

put surface are shown in Figs.4 and 5, respectively . It can be seen

in Fig. 4 that as the coating thickness increases , the permeation current

decrea ses whereas the break—through time and , hence, the time lag increase.

Fig. 5 shows a similar effect of thickness on permeation current. This is

characteris tic of diffusion through composite membranes (27) where diffusion

through the coating is at least partially rate limiting .

Barr ier_Effect

If diffus ion of hydrogen through the coa ting is the rate determining

step (r.d.s.), then assuming the app li cability of Fick’s f irs t law and a

constant diffusivity , D, the steady state permeation curren t i , sho u ld be

a l inear f unc t ion of the reci procal of the coating thickness. Fig. 6 shows

a plo t for Cu and Ni (Watts and electroless). The results satisfactorily

f i t a s traight—line relation passing through the origin (infinite coating

thickness) for coating thicknesses as low as 1 ~m Ni and 0.5 pm Cu. Ana-

lyzing for the r.d.s. on the basis of the mass transfer coefficient m =

D/L , m of the coating would be significantly less than that for the iron mem-

brane if transport through the coating is rate determining . Taking the
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d i f f u s i v i t y  of hy drogen in  Cu t o  be ~~~~ cm
2 ~~l at  room t e mp e r ; I t u r e ,

as o b t a i n e d  by e x t r a p o l a t i n g  gas p hase va lues  a t  h i g h e r  t e m p e r a t u r e s  ( 2 8 ) ,

m i~ cm for the  s m a l le s t  t h i c k n e s s  of Cu (0 .5  rn ) f o r  w i t i c l o  l in-

ear b e h a v i o r  is observed in Fig. E , whereas for the iron substrate

m 10 cm Hence , d i f f u s i o n  through the Cu coating is the r . d . s .

—9 2 — 1  -Similarly for Ni , using D = 10 cm s at 25 C (5)  and a t h 1cknes s  of

1 pm , m 10~~ cm s ’ consistent with diffusion through Ni being the r . d . s .

Thus , at thicknesses equa l to or greater than 1.0 pm for nickel and 0.5 pm

f o r  copper , b o t h  coatings are functioning as barriers . For lower thick—

nesses than these values , the permeation rate is limited by diffusion

t;

~

rough both the coating and the iron substrate.

Fig.  6 also shows t h a t  a copper coa t ing  is twice as e f f e ct i v e  as a Ni

coating of equa l th ickness  in reduc ing  the r a t e  of hy drogen u p t a k e  b y i ron .

Thi s, in princi ple , may be due to a lower diffusivitv and/or a lower

concentration at the  input surface (catalytic effect) of hydrogen in copper

than in nickel. The slope of the plots in Fig. 6 is ~i~~/~o (l/L) = FDc°

where c° is the concentration of hydrogen in the lattice at the outer sur—

face of the coating , F is the Faraday constant , and L in this case is the

thickness of the coating. Thus , a large slope indicates a large value of

the product Dc°, i.e., a large diffusivity and/or concentration and ob—

viously a less effective coating. From Fig. 6, (Dc°) N . 2 (Dc °)
Cu

. An

independent confirmation of this conclusion is not  poss ib le  due to the lack

of diffusivity da ta fo r  hydrogen in Cu at room temperature and of data on

the relative solubility of hydrogen in Cu and in Ni under comparable hy-

drogen charging conditions . However , the da ta ava i lable  f r om ga s phas e

studies at higher temperatures (29) Indicate that the solubility of hydrogen

in Ni Is invariably larger than in Cu at the same temperature and hydrogen
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gas pressure . Furthermore , the data compiled in re~ erence (28) indicates

t h a t  the  di  f f u s  iv i  ty * of hydrogen in Ni is comparab le  to t h a t  in Cu .

A ccording to these literature results for somewhat different conditions ,

the cat al ytic effect seems responsible for Cu being more effective than

N i in the present work (Fig. 6).

Catalytic Effect

Comparing the results obtained on Ni (Fig. 5) and on Pt (Fig. 3),

it is seen that a Pt coating of only 0.015 on is much more effective in

reducing hydrogen permeation than a much thicker Ni coating of about

h m. The diffusivity of hydrogen itt Pt  is comparable  to tha t in Ni

(5 ,30). Furthermore , if one assumes that the Pt layer , albeit thin is

continuous , the value of m in Pt (m = D/L 7 x ~~~~ cm s
1
) is larger

than in Fe (~ 1 x 10 cm s 1
); hence the Pt coating could not be

acting as a harrier. This pronounced effect of Pt can only be due to

the fac t that the h.e.r. occurs much more rca ‘ilv on Pt sites , ther eby

reducing the activity of hydrogen at bo th  p l a t i n u m  and i r o n  s i t eS , and ,

t h u s , d e c r e a s i n g  i t s  permea t ion  r a t e  t h r o oph th e  i ron .

Polarization of th e hydrogen evolution reaction on the Pt—coated

surface was found to be significantly less than on an iron surface ,

though it slowly increased (potential drifted in the less noble direction).

The lat ter is consistent with an aging effect (see below) , which is und er-

stood to be due to a decreasing catalytic activity of Pt surfaces during

hydro gen discharge , especially in t h e presence ot cathodic poisons such as ,

*Comparison was made of the data produced by the same authors for both
metals e.g., the works of Ransley and Talbot , Eiciiertauer and Rebler ,
Eichenauer and Katz , see ref erence (28).
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e.g. , As ion. I’hoo ~ e result s m o 1  th e above cal cu l ;i t ion soi ~ port the

at t lvt Ic mechanism outlined in the m t  rod mict h o ot . Clearl y , thoug h, Pt

.o~ g o m o t e r  t h icknesses ol d also function as a harrier , jo ist NI

and Cii do.

In r I r  to further confirm the cataly ti . effect , some i ron sampl es

were partial lv coatcd w i t h  Pt , Cu or Ni on the inpu t  s i d e in a r eg u l a r

-~q o J a  re— g rid p a t t e r n , F i g .  7 .  The area  occup ied  by t he  e l ec t  r o d e p o s i ts

was about 2O~ oh t h e  t o t a l  charg ing  area . I t  was f o u n d  t h a t  p a r t i a l

coverage of i ron  by Pt , Ni o r  Cu is e f f e c t i v e  in r e d u c i n g  h y d r o g e n  e n t ry

m t  ~ t he m e m b r an e , F ig .  7 , p a r t i c u l a r l y  at s h o r t e r  t imes . After chargin g

~er 30 minutes at 2 mA cm 2 in the presenc e of 20 ppm As 3+
, the presence

of a square—grid pattern of Watts Ni decreased hydrogen entrY i n t o  i ron  to

o n e — t h i r d  (25  A cm 
2
) of the value for uncoated iron. Cu and electro—

less Nb (lfo and 13 A cm 
2
, respectively) are even more effective than

Watts N I while Pt (6 A cm
2
) is most effec tive. Thus , the square—grid

pattern of Pt covering onl y 20% of the membrane area decreases t h e  liv-

drogen flux t h or o ugh iron by more than 90% at charging times as long as

30 minutes *. As the charging time increases , the protecti on et fici eooc v

c f Pt (in decreasing hydrogen absorption by h roll 1 decreases t~ i c o mI up

-75~i after one hour and ultimatel y onl y 35% after three hours . A t ter

such hong charging times , the effici encie s of I t  , electr i c - o s Ni and

Cu h o e  one comparable , and better than Watts NI.

*Had the coating worked only as a harrier , the permeation current would have
dec reased in proportion to the area covered by the  depos i t , abo u t 2 02~, and
would be Independent of time .

lbm ~- d e f i n i t i o n  of p r o t e c t i o n  e f f i c i e n c y  he re  is similar to that used in
corrosion terminology , i.e., p 100 (1 — I with coating/ I without
coating).

T ~~~~~~~~~~
‘- - ‘

~~~~~~~~~~~~~~~ r ~~~~~~~~~~~~~~~
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This decrease in protection is a result of the change in c a t a l yt i c

activity of the surface of the coating (aging effect) brough t about by

continuous hydrogen evolution and enhanced by the presence of arsenic.

In the absence of As 3+ ion in so lu t ion , it takes about 17 hrs before

the protection efficiency drops to 35%. Before the onset of this aging

effect , the ef fec tiveness of the coa tings in decreasing hydrogen ent ry is

in the following order:

Pt > electroless Ni > Cu > Watts type Ni

These results are generally in agreement with those of other workers who

have tabulated the exchange current density of hydrogen evolut ion on

various metals (17—19), and the rela t ive ef f ic iencies of, metals in hydro-

gen—atom recombination as a function of their initial heat of adsorption

of hydrogen (31). The presence of the square—grid coating protects the

uncovered iron regions in the sense that they do not absorb hydrogen to

the same extent they would in the absence of these catalytic particles.

This is understandable in view of the fact that while charging , the elec—

t rode potential is more noble in the presence of the coa t ings in accord

with the lower driving force needed for hydrogen evolution off  Pt , Cu

or Ni. On the other hand , during the aging proce ss , the electrode poten-

tial slowly shifts to less noble values. This is consistent with the

loss of catalytic activity of the coating. In principle , this catalytic

effect should he operative for any coating for which the exchange current

dens i ty  of hy drogen evolu t ion  is s i g n i f i c a n t l y  h ighe r  than f o r  i ron.
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FIGURE CAPTIONS

Figure la. Cross—sectional SEN micrograph of a 4 pm thick Cu coating on a

Ferrovac E substrate.

Figure lb. SEM rnicrograp h of the surface of a 4 pm thick Cu coating on a

Ferrovac E substrate.

Figure 2. SEN rnicrograph of the surface of a 0.5 pm thick Cu coating on a

Ferrovac E s u b s t r a t e .

Figure 3. Effect of a platinum coating (0.015 pm thick) on the permeation

of hydrogen through Ferrovac E iron membranes.

Figure 4. Effect of copper coatings on the permeation of hydrogen through

Ferrovac E iron membranes .

Figure 5. Effec t of nickel coa tings on the permeation of hydrogen thro ugh

Ferrovac E iron membranes.

Figure 6. Dependence of the steady State hydrogen permeation current on the

reci procal of coating thickness for electrodeposited Cu and Ni ,

and electroless Ni coatings . o Cu , • Watts Ni , V Electroless Ni.

Figure 7. Effec t of square—grid deposits on the permeation of hy drogen

through Ferrovac E iron membranes . Curves 1, 2, 3, 4 and 5 are

the permeation transients of uncoated iron and of iron with square—

grid deposi ts of Wa tts type nickel , Cu , elec troless Ni and platinum ,

respectively .
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